ABSTRACT A significant part of Hong Kong has hilly terrain with relatively short flow concentration time and, hence, is susceptible to the threat of flash floods and landslides during intense convective thunderstorms and tropical cyclones. For places like Hong Kong, a rainfall model that could adequately capture small-scale temporal and spatial variations would be highly desirable. The main challenge in rain-field modeling is to capture and describe the dynamic time-space evolution of the rainfall during rainstorm events. In this study, radar data with a high spatial (1 km 2 ) and temporal (6 min) resolution of four rainstorm events in Hong Kong are analyzed. A geostatistical approach based on indicator variograms of rain-fields is used. The spatial structure of a rain-field is found to be highly anisotropic and should be adequately considered in the model. Variability of the spatial structure of a rain-field was described well by the main features of the variograms. Moreover, it is possible to identify whether multiple rainstorm centers exist by comparing the mean length and range. In order to establish reliable statistics on the spatial and temporal structure of rain-fields in Hong Kong, this approach could be applied to a large set of rainstorm events in this same region in the future.
INTRODUCTION
Hong Kong is small in size but complex in topography.
There are extensive mountain ranges with substantial altitude variations scattered throughout the Territory. These areas and catchments have a relatively short flow concentration time and are particularly susceptible to the threat of flash floods and landslides during intense convective thunderstorms and tropical cyclones. For places like Hong Kong, a rainfall model that could adequately capture small-scale temporal and spatial variations of rain-fields would be highly desirable. In rain-field modeling, the main challenge is to capture and describe the dynamic timespace evolution of the rainfall during rainstorm events.
However, most current models make simplified assumptions about the way rainfall fields evolve, like space homogeneity and weak time dependency. A false assumption of a stationary model may lead to unreliable estimation. This kind of model cannot be expected to preserve important statistical features of the actual rainstorm events, in particular, at finer temporal and spatial scales. Furthermore, the orographic effect on the rainfall amount has been clearly observed across the Hong Kong Territory. A rainfall model that can consider non-stationarity in space would be desirable and useful.
It has long been acknowledged that the intensity of precipitation is highly variable over space and time in mountain environments (Castro et al. ) . An understanding of the space-time structure of rain-fields is of great importance for storm modeling, runoff prediction, and subsequent hydraulic structural design (Abedini et In this study, a geostatistical view of the precipitation field is adopted. Originally for mining, geostatistics is preferred because it offers a useful theoretical and mathematical description of spatially structural properties of natural phenomena and a practical technique to solve estimation problems (Berne et al. ) . The geostatistics framework has also been applied in water sciences (Hevesi et () addressed the issue of spatial intermittence of rainfall by developing a geostatistical model using a binary random function to describe the intermittency and, a second random function to represent the inner variability of rainfall inside the rainy areas. The procedure showed its clear superiority for delineating and estimating rainfall fields as compared with a classic global kriging. However, a procedure such as this has certain drawbacks: (1) independence between within-storm variability and variability due to fractional coverage must be assumed; (2) estimation variance cannot be produced; and (3) it is difficult to identify exactly what conditional estimates are sought and the impacts of independence assumption on the estimation due to the lack of mathematical precision of the estimation procedure.
Spatial variation of alpine precipitation was quantified by Germann & Joss () by means of variogram analysis using high-resolution radar reflectivity data. Even under the difficult conditions in a mountainous region, the results gave quantitative answers to practical questions related to the spatial continuity. Berne et al. () estimated the minimum resolutions of rainfall required for hydrological applications, based on quantitative investigations of the space-time scales of urban catchments and rainfall. The approach was proven to be relevant for various regions. Using the variogram within the geostatistics framework, the space-time structure of rainfall was studied. Berne et al. () analyzed the variability of the spatial structure during intense Mediterranean precipitation using the concept of mean length, which was shown to be an efficient tool to represent the spatio-temporal variation of rain-fields. However, the indicator variogram, which could provide additional information about the structure and the correlation of the studied random field, was not used. Owing to the complexity of the spatial structure of precipitation fields, the identification of the range of a variogram remains a difficult task.
The main objective of this paper is to contribute to a better description of the dynamic time-space evolution of the rainfall during rainstorm events by combining the indicator variogram with the mean length. The paper is organized as follows. First, a brief description of the study area and the data preparation is presented. Then, the methodology to quantify the structure of rainfall is introduced.
After discussions of the results, the conclusions that can be drawn from this study are presented. 
Ground rainfall data and radar rainfall data
The rainfall data used in this study were obtained from the To determine a and b in the Z À R relationship between radar-raingauge pairs, linear least square analysis is used.
where dBZ is the radar reflectivity expressed in decibel; a and b are parameters of Z À R relationship; and dBG is the ground rainfall expressed in decibels. All the reporting radar-raingauge pairs once accepted will be retained for the linear least square analysis throughout the entire rainstorm episode to ensure statistical significance.
The radar reflectivity with a high spatial (1 km of weights between the two latest available raingauge observations is specified when applying temporal interpolation. Figure 2 shows the approaches adopted to circumvent the non-synchronous problem and adjust the Z À R relationship.
General features of four rainstorm events
In this study, an area of 64 × 64 km 2 region covering the entire Territory of Hong Kong is considered. Four rainstorm events were chosen.
2007-05-18 and 2007-05-19 rainstorm events
On 18 
2008-04-19 rainstorm event
Under the combined effect of Typhoon Neoguri and the northeast monsoon, local winds started to pick up on 18
April 2008. Local winds became generally strong on the 
METHODOLOGY Theoretical variogram model
Geostatistics is used to investigate the spatial structure of rainfall at each time step during the entire rainstorm events. A main concept in geostatistics is the variogram, which quantifies the spatial continuity of regionalized
variables. An important advantage of the variogram over the covariance is that no information about the variance is required for its calculation. Therefore, the variogram is used more often than the common covariance function. For an intrinsic random function, its variogram is defined as half of the variation between two points in a spatial field as a function of their distance separation lag vector.
where γ(h) is the variogram, which is also called semi-variogram;h is the distance separation lag vector; and R is the random variable under consideration (e.g., rainfall intensity). The semi-variogram does not depend on the mean of the random function, therefore is more robust than the covariance.
Isotropic variogram describes a random field in which spatial correlation does not vary with directions but only on the separation distance. It is then a function of the modulus of the vectorh. When the variogram shows different behavior along different directions, the random field is anisotropic.
The best possible estimate of point or mean areal rainfall can only be provided by interpolation method (e.g., kriging) when the set of variables is multivariate Gaussian (Barancourt et al. ) . However, the distribution of rain rates is significantly asymmetric and skewed toward high values and hence far from normality at short accumulation periods. A simpler answer to circumvent the nonGaussian distribution issue is by thresholding which offers an application of the indicator method to map the probability distributions of rainfall (Steffens ). In the classical approach, the rainfall process R(x, t, w) is analyzed as a random field with R being a non-negative value of rainfall rate (or amount) that fell at location x at time t during event w. In this case, the actual rain process is transformed into a binary process to distinguish whether the rainfall intensity R at location x at time t is above a given threshold k under consideration. For this, a binary function denoted i(x, t, w, k) is defined by:
The indicator function i(x, t, w, k) will be 1 if the rainfall intensity R(x, t, w) is above a given threshold k. 
where N(h, t, w, k, θ) denotes the number of pairs of points (x þ h, x) in the direction θ within the domain. The general rule is to choose the maximum bin as half of the maximum distance, and also make sure each bin has more than 30 pairs of data (Journel & Huijbregts ) . The fitting of the theoretical variogram model to the experimental data γ Ã (h, t, w, k, θ) has to be done for each time step and each direction, separately. Least squares criterion is used to determine the optimal parameters of a considered variogram model for a particular time instant
where N h is the total number of considered distance lags.
From the visual inspection of the indicator variograms, nugget effects are negligible for most directions and time instants, thus C 0 is set to 0 during the fitting procedure. In most cases, variogram value increases with distance but there is an erratic behavior in some directions when distance lag between pixels is large. Hence, high weights to the small distances are given by the weighted least squares technique (Cressie ) in this study to determine optimal variogram model parameters as:
where the weights w i is given by h À1 i . The distance bin that has the maximum number of pairs is about 25 km in the majority of the rainfall intensity thresholds and time instants considered. Thus, distance separation less than or equal to 50 km is considered in the process of fitting variogram models in attempting to identify the best-fit variogram model for further analysis.
Mean length
To quantify the spatial characteristic scale of rain events, another spatial characteristic of rain-field, called mean length l(t, w, k, θ), is calculated. This length corresponds to the average length of the segments defined by rain rate values above the threshold along a given direction in a particular time during a rainfall event (Carle & Fogg ) . In this study, the mean length l(t, w, k, θ) is calculated as:
where l(t, w, k, θ) denotes the mean length of the segments defined by rainfall intensity values at a particular time t during a rainstorm event w above the threshold k in a given direction θ; p(t, w, k, θ) is the proportion of rainfall intensity values above the threshold k in the direction θ;
and γ(h, t, w, k, θ) is the indicator variogram associated with the rainfall threshold k in the direction θ.
Analysis of the sample indicator variograms in many directions suggests that they are linearly increasing for short distance lag from 1 to 9 km. Therefore, the derivative of γ(h, t, w, k, θ) in Equation (7) Based on that, mean length can be derived. In addition, a proportion above a given threshold close to 1 means that the entire study domain is rainy above the threshold whereas a proportion above a given threshold close to 0 means that there is nearly no rainfall above the threshold within the studied area. Hence, in this study, the mean length of the rain-field is not calculated if the proportion of area where rainfall intensity is above the given threshold is higher than 99% or lower than 1%.
Range of the indicator variogram and mean length are two different characteristic scales of a random function, and both of them offer important information about the spatial structure of rain-field. Range is the limiting distance beyond which two points are uncorrelated, which means that within the range rainfall intensities at two points have some correlation. Mean length is the average length of the segments defined by the rainfall intensity value above the considered threshold, which means, on average, two points separated by a distance that is less than the mean length tend to belong to the same category (above or below the considered threshold). It is interesting to investigate the relationship between these two since mean length has been proved to be an efficient measure to represent the variability of the spatial structure of rain-field by Berne et al. () . In this study the mean length is used to check the automatic fitting procedure of indicator variogram, to study its correlation with range, and to characterize the evolution of spatial structure of rain-field for the four studied rainstorm events along with the range.
RESULTS AND DISCUSSION
Spatial structure of rain-field
To choose the thresholds, the quantiles of the rainfall intensity values are obtained for each rainstorm event (see Table 1 lists the values of the 10, 30, 50, 70, and 90% quantiles. are the highest among all considered rainstorm events.
These values of correlation coefficients give useful Second, it is difficult to identify the periodicity of spatial structure parameters for the 2008-04-19 rainstorm event.
However, the peaks of the maximum range, maximum mean length, minimum-to-maximum range ratio, and minimum-to-maximum mean length ratio exist for the 2007-05-18 rainstorm event with a periodicity of about 3 hours which is not shown in this paper. The general feature for all considered rainstorm events is the negative correlation between the maximum range (mean length) and the minimum-to-maximum range (mean length) ratio for both thresholds, which indicates that the spatial structure of the rain-field is stretched for the large maximum range and mean length, but circular for small maximum range and mean length.
CONCLUSIONS
During a rainstorm, the precipitation intensity is highly variable in time and space. Rainfall data with high space-time resolution collected by radar have recently been used more frequently as inputs for distributed hydrological modeling of floods, erosion, and other processes.
In this paper, a geostatistical approach was adopted to analyze the variability of the spatial structure of the rainfield. Four rainstorm events that occurred in 2007, 2008, The negative correlation between the maximum range (mean length) and the minimum-to-maximum range (mean length) ratio for both thresholds can be identified for all considered rainstorm events, which indicates that the spatial structure of the rain-field is stretched for the large maximum range and mean length, but circular for small maximum range and mean length.
4. The values of correlation coefficients between the maximum (minimum) range and maximum (minimum) mean length for the selected rainstorm events give useful information about the spatial structure of the rain-field. When multiple rainstorm centers above the considered threshold exist, the correlation between range and mean length of the corresponding rainstorm event becomes lower.
